Vα24-invariant NKT cells inhibit tumor growth by targeting tumor-associated macrophages (TAMs).
Introduction
Vα24-invariant NKT cells are an evolutionary conserved sublineage of T cells that are characterized by the expression of an invariant TCR α-chain, Vα24-Jα18, and reactivity to self-and microbial-derived glycolipids presented by the monomorphic HLA class I-like molecule CD1d (1) . The antitumor potential of NKT cells has been demonstrated in numerous tumor models (2) (3) (4) . Selective decreases in number and/or functional activity of NKT cells have been reported in patients with diverse types of cancer (5-7), which suggests that NKT cells may play an important role in the antitumor immune responses and, conversely, that an escape from NKT cells may contribute to tumor progression. Our group previously demonstrated that NKT cells infiltrate primary human tumors in a subset of children with neuroblastoma (NB) and that NKT cell infiltration is associated with improved longterm disease-free survival (8) . NKT cell infiltration in primary tumors also served as a prognostic factor of favorable outcome in patients with colorectal cancers (9) , while low levels of circulating NKT cells predicted a poor clinical outcome in patients with head and neck squamous cell carcinoma (10) .
Because the majority of solid tumors are CD1d -, tumor cells cannot be a direct target for NKT cell cytotoxicity (3, 11) . Instead, tumor-associated macrophages (TAMs) are the only cells in primary NB tumors that have detectable CD1d expression (12) . Moreover, upon recognition of tumor-derived glycolipids, NKT cells produce IFN-γ and kill monocytic cells in a CD1d-dependent manner. Since TAMs provide a critical stromal support for tumor cell growth in NB and many other types of cancer (13) (14) (15) , NKT cell-mediated killing or inhibition of TAMs explains how NKT cells may indirectly impede tumor growth. Other recent reports have generated additional evidence for the importance of NKT cell interactions with monocytic cells and other myeloid cells in viral and tumor immunity (16, 17) and in the potential mechanism of antitumor activity of the NKT cell ligand β-manosylceramide (18) .
Monocytes and other immature myelomonocytic precursors of TAMs localize to the tumor site in response to CCL2, the same chemokine that attracts NKT cells (8) . Monocytic cells, however, respond to multiple other tumor-derived chemotactic signals that are not recognized by NKT or other T cells (19) . The majority of these factors (e.g., VEGF, endothelin, and angiopoietin-2) are produced in hypoxic conditions and drive TAM migration to the hypoxic areas (13, 19, 20) . Importantly, hypoxic signaling amplifies NF-κB activation in TAMs, leading to high levels of IL-6 production and sustained STAT3 activation in tumor cells that in turn promote inflammatory responses in TAMs, providing a positive feedback loop that plays an essential role in tumor progression (21) .
Although NKT cells colocalize with IL-6-producing TAMs in primary NB tissues (12) , the mechanism of this colocalization is not understood, nor is it clear how TAMs evade the inhibitory activities of NKT cells. An understanding of the NKT-TAM interaction in the context of tumor microenvironment is critically important for the development of rational cancer immunotherapy that targets tumor-supportive stroma, given that NKT cells are the only known immune effector cells that specifically recognize and negatively regulate TAMs. Here, we demonstrated that NKT cell localization to NB depended not only on tumor-derived CCL2, but also on CCL20, which was produced by TAMs in response to tumor-induced inflammation and hypoxia and in turn inhibited NKT cell viability and function. We also showed that IL-15 protected antigen-activated NKT cells from hypoxia and that transgenic expression of IL-15 in NKT cells strongly enhanced their antitumor efficacy in a metastatic NB model in humanized NOD/ SCID/IL-2Rγ-null (hu-NSG) mice.
Results

Contact with NB cells and hypoxia synergistically induce CCL20 in human monocytes.
To explain the observed colocalization of NKT cells with TAMs in primary human NB (12) , we hypothesized that TAMs upon the influence of tumor cells and/or hypoxic environment actively chemoattract NKT cells. To test this hypothesis, we performed an in vitro migration experiment using dual-chamber wells
Figure 1
Contact with NB cells and hypoxia synergistically induce CCL20 in human monocytes. (A) Primary monocytes were cocultured with CHLA-255 NB cells (1:1 ratio) for 48 hours in normoxic (20% O2) or hypoxic (1% O2) conditions, and supernatants were placed in bottom chambers of dual-chambers plates with 5-μM pore membranes with or without addition of the indicated neutralizing antibodies or their isotype control. NKT cells were placed in the upper chambers and allowed to migrate for 3 hours, and the rate of NKT cell migration was quantified by FACS. Results are mean ± SD from 3 experiments in triplicate. (B) Monocytes were cocultured with or without CHLA-255 NB cells for 36 hours in normoxic or hypoxic conditions followed by mRNA isolation and quantitative real-time PCR analysis of 11 chemokine genes known to attract human NKT cells. Data are from a representative of 3 experiments in triplicate. (C) Monocytes and CHLA-255 NB cells were cultured alone or combined in hypoxic or normoxic conditions for 48 hours. CCL20 concentration was quantified in the supernatants using ELISA. Data are mean ± SD from experiments with monocytes from 6 donors in duplicate. (D) Cells were cultured as in C and analyzed for intracellular CCL20 accumulation in CD14 + monocytes and CD14 -NB cells. Regions were set using corresponding isotype controls. Data are from a representative of 3 experiments in duplicate. (E) Tumor-infiltrating leukocytes (TILs) were isolated from a cell suspension of freshly resected primary NB by gradient centrifugation and cultured with GolgiStop for 4 hours followed by FACS. After gating on CD45 + events, CCL20 accumulation was examined in CD14 + TAMs and compared with the corresponding isotype control. Data are from a representative of 3 experiments. **P < 0.01; ***P < 0.001. separated by 5-μM pore membrane. Human ex vivo-expanded NKT cells were added to the upper chambers and allowed to migrate for 3 hours into the lower wells, which contained CHLA-255 NB cells, freshly isolated (negative selection) human monocytes from peripheral blood, or 1:1 mixture of NB cells and monocytes. Before adding NKT cells, the plates with NB cells and monocytes were incubated in normoxic (20% O 2 ) or hypoxic (1% O 2 ) conditions for 48 hours. Consistent with our previous observations, NB cells were chemoattractive for NKT cells in normoxic conditions (8) . Surprisingly, NKT cell migration to NB cells was nearly abrogated in hypoxia (P < 0.001; Figure 1A ). In contrast, the rate of NKT cell migration toward the coculture of NB cells with monocytes nearly doubled under hypoxic conditions (P < 0.001), whereas monocytes alone had little chemoattractive activity in either normoxia or hypoxia. These data suggest that an interaction between NB cells and monocytes under hypoxia results in induction (upregulation) of chemokines that chemoattract NKT cells.
To examine the overall effect of hypoxia on the chemokine gene expression profile of NB cells and monocytes, we incubated monocytes and CHLA-255 NB cells in normoxic or hypoxic conditions for 36 hours followed by RNA isolation and quantitative RT-PCR for 11 CC and CXC chemokine genes that are known to have corresponding receptors on human NKT cells (8, (22) (23) (24) (25) . mRNA expression of CCL20, CCL5, CCL4, and CCL3 was upregulated, whereas that of CCL2 was downregulated, in hypoxia compared with normoxia (P < 0.001; Figure 1B ). We previously reported that, unlike other chemokines, CCL2 is expressed at high levels in NB cells, and additional experiments with NB cells alone confirmed that hypoxia downregulated CCL2 expression in NB cells at both RNA and protein levels (data not shown). This finding explains the observed loss of NB cell chemoattraction for NKT cells in hypoxia. To examine whether the upregulation of mRNA expression of CCL20, CCL5, CCL4, and CCL3 results in increased production of the corresponding proteins, we analyzed supernatants from the same experimental conditions by ELISA. Only CCL20 production was significantly upregulated in the coculture of monocytes with NB cells compared with monocytes alone (NB cells do not produce detectable CCL20). Moreover, the effect of the coculture on CCL20 upregulation was amplified up to 70-fold in hypoxic compared with normoxic conditions (P < 0.001; Figure 1C and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI59535DS1). Despite the observed variability in the magnitude of CCL20 production by monocytes from 13 different individuals, hypoxia invariably increased it in all cases. The kinetics analysis demonstrated that upregulation of CCL20 reached maximum levels after 36 hours of coculture in normoxia, but continued to rise for at least 48 hours in hypoxia (Supplemental Figure 1B) .
To unambiguously determine the cellular source of CCL20, we cultured monocytes alone or with NB cells in normoxic or hypoxic conditions and analyzed intracellular CCL20 accumulation by fluorescence-activated cell sorting (FACS) using surface staining for CD14 to discriminate monocytes from NB cells. Either contact with NB cells or hypoxia alone could upregulate CCL20 production in monocytes ( Figure 1D ). The highest level of CCL20 expression was achieved when monocytes were cocultured with Cell suspensions from freshly resected primary NB tumors were stained for surface markers. mbTNF-α expression on NB cells was analyzed after gating on CD56 hi CD45 -events. (C) NB cells were preincubated with 50 ng/ml anti-human TNF-α or isotype control mAb for 1 hour before addition of monocytes; NB and monocytes alone were used as controls. CCL20 concentration in the culture supernatant was determined by ELISA after 36 hours. Results are mean ± SD from 3 experiments in triplicate. ***P < 0.001, 1-way ANOVA. (D) Monocytes were cultured alone in nonadherent plates or on top of NB cell monolayer, with addition of anti-TNF-α or isotype control mAb, in normoxia or hypoxia for 16 hours followed by monocyte detachment and Western blotting for phospho-IκBα using β-actin as a loading control. Data are from a representative of 3 experiments. (E and F) The same experiment as in D was followed by intracellular staining for (E) IκBα or (F) phospho-p65 in monocytes after gating out NB cells as CD56 hi events. (G) Kinetics of phospho-p65 expression in monocytes upon coculture with NB cells in normoxic and hypoxic conditions. Results are mean ± SD from 2 experiments in triplicate. **P < 0.01; ***P < 0.001. NB cells in hypoxia, consistent with the ELISA results in Figure  1C . NB cells did not express detectable CCL20 in any tested condition. To examine the requirement of cell-cell contact between monocytes and NB cells for CCL20 induction in monocytes, we cultured NB cells with monocytes in the same wells or in the dualchamber wells, separated by a 400-nM semipermeable membrane. Monocytes failed to produce CCL20 in the absence of direct contact with NB cells (Supplemental Figure 1C) . To determine whether the induction of CCL20 in monocytes that we observed in the described in vitro experimental system occurs at the tumor site in NB patients, we performed FACS on cell suspensions prepared from freshly resected primary NB tumors at diagnosis. We found that all tumor-derived monocytic cells expressed CCL20, whereas tumor cells and the majority of nonmonocytic CD45 + tumor-infiltrating leukocytes were negative ( Figure 1E ). Therefore, TAMs in primary NB tumors produced CCL20, expression of which was selectively induced in monocytic cells upon direct contact with NB cells and enhanced by hypoxia.
CCL20 is required for NKT cell migration toward hypoxic NB-monocyte culture and NB xenografts in hu-NSG mice. CCL20 has been reported to be one of the most potent chemokines for human NKT cells (23, 24) . Our analysis confirmed that the majority of primary NKT cells from peripheral blood expressed CCR6, the only receptor for CCL20. Moreover, CCR6 expression was preserved in ex vivo-expanded NKT cells (Supplemental Figure 2) . To determine the requirement of the CCL20/CCR6 axis for the observed enhanced migration of NKT cells toward the coculture of NB cells with monocytes in hypoxia ( Figure 1A) , we repeated the in vitro migration experiment in the presence of chemokine-neutralizing mAbs. Consistent with our previous report (8) , anti-CCL2 mAb effectively inhibited NKT cell migration to NB cells or NB-monocyte coculture under normoxia, but not under hypoxia. Only anti-CCL20 neutralizing mAb strongly inhibited NKT cell migration in hypoxia (P < 0.001; Figure 2A ).
To examine the relative contribution of CCL2 and CCL20 to the mechanism of NKT cell in vivo localization to the tumor site, we adapted a previously described CHLA-255/luc human NB model in immunodeficient mice (12) and, instead of NOD/SCID, used hu-NSG mice (Supplemental Figure 3A) . As has been observed by others (26, 27) , hu-NSG mice had stable reconstitution of human myelomonocytic cells as well as B and T lymphocytes 3 months after stem cell transplantation (SCT) with human cord blood CD34 + hematopoietic stem cells (Supplemental Figure 3 , B and C). We injected CHLA-255/luc NB cells under the renal capsule 3.5 months after SCT. Like in human NB tissues (12), TAMs represented a major subset of tumor-infiltrating leukocytes (Supplemental Figure 3 , D and E) and were enriched in a subset with M2 phenotype, as determined by the downregulation of HLA-DR expression compared with CD14 + peripheral blood monocytes in the same mice (Supplemental Figure 3F ). Importantly, similar HLA-DR lo CD14 + cells were the dominant subset of TAMs in primary tumors from NB patients (Supplemental Figure 3G) . At 3 weeks after NB cell injection and clear evidence of tumor growth by bioluminescent imaging, mice were injected with human ex-vivo-expanded NKT cells and divided into groups to receive anti-human CCL2, anti-human CCL20 neutralizing mAb, both mAbs combined, or isotype control mAb. A control group did not receive NKT cells. On day 3 after NKT cell transfer, mice were euthanized and examined for NKT cell localization to the tumor tissues. Animals treated with anti-CCL2 or anti-CCL20 mAb had lower frequency of tumor-infiltrating NKT cells among the tumor-infiltrating human CD45 + (hCD45 + ) leukocytes (25.9% ± 12.6% and 44.9% ± 6.3%, respectively) compared with the IgG control group (74.3% ± 9.7%, P < 0.01; Figure 2 , B and C). The neutralization of both chemokines did not increase inhibition of NKT cell migration more than the neutralization of CCL2 alone (26% ± 6.2%, P < 0.001; Figure 2C ), which suggests that the chemokines act along the same axis. While confirming the previously established role of NB-derived CCL2, these data also established the requirement of CCL20 for NKT cell localization to the tumor site, even though the latter chemokine was not produced by tumor cells, but induced in TAMs. Thus, NKT cells effectively localized to NB tumors in hu-NSG mice and migrated toward TAMs in a CCL20-dependent manner.
mbTNF-α on NB cells induces NF-κB activation in monocytes that results in CCL20 upregulation.
The observed requirement for cell-cell contact between NB cells and monocytes for CCL20 induction in monocytes and the known requirement of NF-κB activation for CCL20 expression (28) prompted us to search for candidate cell surface molecules on NB cells with proinflammatory properties. Goillot et al. observed expression of TNF-α protein in 2 NB cell lines by immunohistochemistry (29) . We here examined 3 MYCN-amplified (SK-N-BE2, IMR32, LA-N1) and 3 non-MYCNamplified (CHLA-255, CHLA-15, LA-N-2) NB cell lines by FACS and found that the majority of cells in all lines expressed TNF-α intracellularly (Supplemental Figure 4) , as well as on the cell surface as a membrane-bound cytokine ( Figure 3A) . No soluble TNF-α was detected by ELISA in the supernatants of all examined cell lines. Importantly, we found the presence of the membranebound TNF-α-positive (mbTNF-α + ) subset in all 7 examined primary NB tumors, with the frequency ranging from 1.1% to 38.2% (12.2% ± 14%; Figure 3B ). The level of MYCN expression did not correlate with the frequency of mbTNF-α + cells, either in cell lines or in primary tumors (data not shown). The function blocking experiments demonstrated that preincubation of NB cells with an anti-TNF-α blocking mAb significantly inhibited their ability to induce CCL20 production in monocytes under both normoxic and hypoxic conditions (P < 0.001; Figure 3C ). Neither the frequency of TNF-α + cells nor the level of TNF-α expression in NB cells was affected by hypoxia (data not shown). To examine the requirement of mbTNF-α for the activation of NF-κB signaling in monocytes, we cultured monocytes alone (in nonadherent plates) or on the monolayer of NB cells (because monocytes only loosely adhere to the NB cell monolayer) in the presence of an isotype control or anti-TNF-α blocking mAb in normoxic or hypoxic conditions. IκBα, an IκB inhibitor, was phosphorylated (a required upstream event in NF-κB activation by extracellular stimuli) in monocytes upon contact with NB cells, and the IκBα phosphorylation was almost completely prevented in the presence of anti-TNF-α blocking mAb ( Figure 3D ). The hypoxic condition enhanced IκBα phosphorylation, and this was also strongly inhibited by the anti-TNF-α blocking mAb. Since contaminating NB cells could not be excluded as a source of phospho-IκBα in the above-described monocyte preparations, we repeated this experiment and performed intracellular FACS analysis of IκBα and phosphorylated p65. After gating on CD56 lo cells (monocytes), we observed a decrease of IκBα expression (degradation upon phosphorylation) within 30 minutes of contact with NB cells, and the effect was abrogated in the presence of anti-TNF-α blocking mAb ( Figure 3E ). Consistent with the decreased IκBα expression, we observed increased phospho-p65 expression in monocytes, and this was inhibited by anti-TNF-α blocking mAb in normoxic ( Figure 3F ) and hypoxic (data not shown) conditions. Coculture of monocytes with NB cells under hypoxia resulted in higher levels and more sustained p65 expression compared with normoxia (P < 0.01; Figure 3G ). We conclude that NB contains a subset of proinflammatory tumor cells that express mbTNF-α, which is required at least in part for the induction of CCL20 production in TAMs via activation of NF-κB signaling, which is stabilized and enhanced by tumor-induced hypoxia.
NKT cells preferentially localize to hypoxic areas within tumor tissues. To examine the relative distribution of NKT cells in hypoxic and normoxic areas of the tumor, we used a metastatic model of NB in hu-NSG mice. In this model, CHLA-255/luc cells were injected i.v. to produce metastatic growth in liver and bone/bone marrow (see below), the major metastatic sites in NB patients (30) . On day 21, tumor-bearing mice were injected with CFSE-labeled NKT cells, and their localization in liver metastases was examined 3 days later. The areas of hypoxia in both primary and metastatic sites were visualized using intravital injection of EF5 followed by staining with anti-EF5 fluorochrom-conjugated mAb (31) . The same tissues were costained with anti-CD11b mAb, so that distribution of both NKT cells and myeloid cells in normoxic and hypoxic tumor tissues was analyzed and quantified using 4-color confocal microscopy. In con-
Figure 5
NKT cell viability and function are inhibited by hypoxia and protected by cytokines. (A) NKT cells were expanded from PBMCs of 4 donors using stimulation with αGalCer and cultured under hypoxia or normoxia in the presence or absence of the indicated cytokines at 200 U/ml for 24 hours. The number of viable cells was quantified using hemocytometer and trypan blue staining. (B) NKT cells were cultured for 24 hours as in A, followed by TCR stimulation with 6B11 mAb. Cytokine release was quantified by CBAPlex assay from 24-hour supernatants. The cytokine amount was normalized by percent viable cells in the corresponding conditions. Results are mean ± SD from 3 experiments in triplicate. **P < 0.01; ***P < 0.001.
trast to normal liver tissues in tumor-free hu-NSG mice, in which no staining for hypoxia was detected (data not shown), metastatic tissues contained both normoxic and hypoxic areas, and more than 90% of NKT cells and myelomonocytic cells were found in the latter ( Figure 4A ). Quantitative analysis demonstrated that the frequency of NKT cells per 1,000 cells was 14.8% ± 6.3% in hypoxic versus 1.3% ± 1.6% in normoxic areas, and CD11b + cell frequency was 20.8% ± 8.9% versus 1.1% ± 1.2% (P < 0.001 for both; Figure 4B ). Therefore, NKT cells colocalize with TAMs in the hypoxic tumor tissues.
NKT cells are inhibited by contact with NB cells and hypoxia. Since NKT cell-mediated killing or inhibition of TAMs is important for their antitumor activity against CD1d -tumors (12), we asked how the hypoxic tumor environment that is at least in part responsible for NKT cell trafficking toward TAMs affects their viability and function. NKT cells expanded from PBMCs of 4 donors using antigenic stimulation with α-galactosylceramide (αGalCer) were cultured in normoxic and hypoxic conditions for 24 hours, and NKT cell viability was examined by trypan blue exclusion at different time intervals. We found that in the absence of exogenous cytokines, the number of viable NKT cells in hypoxia was only half of that in normoxia. IL-2 and other cytokines that shared common γ chain (IL-15, IL-4, IL-7), with the exception of IL-21, significantly improved NKT cell survival in hypoxia (P < 0.01; Figure 5A ). While both IL-2 and IL-15 significantly reduced the rate of NKT cell apoptosis in normoxia, neither cytokine significantly protected NKT cells from apoptosis in hypoxia conditions (P < 0.05), as measured by annexin V/7-AAD staining (Supplemental Figure 5 and data not shown), which suggests that the observed effect on the absolute number of viable cells was mostly due to cytokine-supported NKT cell proliferation -as we also showed for IL-15-transduced NKT cells (see below) -and is consistent with the metabolic switch of prolifereating lymphocytes to glycolysis with reduced dependence on oxygen (32) (33) (34) (35) .
To examine the effect of hypoxia on the functional activity of NKT cells, we activated NKT cell TCR by adding agonistic 6B11 mAb and measured cytokine production in cell supernatants by ELISA. After 24 hours of exposure to hypoxia, IFN-γ production by NKT cells cultured alone or with NB cells fell to 31.9% ± 6.1% and 25.7% ± 2.7%, respectively, of that produced in normoxia (P < 0.001; Figure 5B ). To examine the potential of IL-2Rγ family cytokines to protect NKT cell function from hypoxia, we added saturating concentrations of these cytokines to NKT cell cultures. IL-2 and IL-15, but not other cytokines, rescued the IFN-γ response of NKT cells to TCR stimulation in the presence and absence of NB cells (P < 0.001; Figure 5B ). Therefore, CCL20-mediated chemoattraction of NKT cells toward hypoxic TAMs may lead to the inhibition of NKT cell functional activity that could be reversed by IL-2 or IL-15.
Several recent reports demonstrated that NKT cells play a key role in liver and kidney ischemia-reperfusion injury (36, 37) and in the genesis of the vaso-occlusive crisis in sickle cell disease (38) (39) (40) . The acute ischemia and inflammation in these conditions have been associated with spontaneous IFN-γ production by NKT cells both in mice and in humans. However, the direct effect of hypoxia on IFN-γ expression in NKT cells has not been evaluated. To examine the effect of hypoxia on spontaneous cytokine production by human NKT cells, we cultured quiescent NKT cells from 4 donors under normoxic or hypoxic conditions for different time intervals (2, 4, 6, 12, 24 , and 48 hours) and measured IFN-γ and IL-4 production by ELISA. In the absence of antigenic stimulation, cytokines remained undetectable either in normoxia or hypoxia at all times examined (data not shown), which suggests that hypoxia does not directly stimulate human NKT cells.
IL-15 protects NKT cells and restores their antitumor potential.
Our group and others have demonstrated that IL-15 plays a critical role in NKT cell development and homeostatic maintenance (41) (42) (43) . The results of the present study ( Figure 5B ) suggest that IL-15 can also protect NKT cells from the inhibitory effect of the hypoxic tumor microenvironment. Therefore, we hypothesized that transgenic expression of IL-15 in adoptively transferred NKT cells would enhance their antitumor potential as a result of improved in vivo persistence and functionality at the tumor site. To test this hypothesis, we transduced NKT cells with a previously described Figure 6A ). We also confirmed IL-15 production by the transduced NKT cells by ELISA (data not shown). To examine the protective potential of transgenic IL-15 on NKT cell function under hypoxia and in the presence of tumor cells, we used in vitro settings similar to those described for Figure  4B and measured TCR-induced NKT cell proliferation using CFSE dilution assay and apoptosis rate using annexin V staining. Consistent with the observed protective properties of the exogenous recombinant human IL-15, we found that NKT cells/IL-15 had a significantly higher rate of proliferation upon hypoxia alone and in the presence of NB cells than did parental NKT cells (P < 0.01; Figure 6B ). The antiapoptotic effect of transgenic IL-15 was significant only in normoxic conditions (data not shown), as was the antiapoptotic effect of exogenous IL-15 (Supplemental Figure 5) . The absolute cell count at the end of 5-day culture conclusively demonstrated that NKT/IL-15 cells expanded significantly better than did NKT cells in all tested conditions ( Figure 6C ). Therefore, NKT/IL-15 cells will likely be protected upon antigen recognition in the hypoxic tumor microenvironment.
NKT/IL-15 cells have potent antitumor activity in a metastatic NB model in hu-NSG mice.
To examine whether NKT/IL-15 cells have a therapeutic advantage, we used a metastatic NB model in hu-NSG mice. At 3.5 months after SCT and upon confirmation of human hematopoietic reconstitution (Supplemental Figure 4 , B and C), mice were i.v. injected with luciferase-transduced human NB cells (CHLA-255/luc). The therapeutic groups also received a single injection of either NKT cells or NKT/IL-15 cells. NSG mice (which did not receive human CD34 + stem cells) were used as a control group to assess the overall effect of human hematopoietic cells on the tumor growth. Metastatic growth in hu-NSG mice was dramatically enhanced compared with NSG mice (P < 0.001; Figure 7 , A and B), providing further support for the prominent role of BMderived cells in enhancing NB growth. Whereas immunotherapy with NKT cells had a significant (P < 0.05), but short-lived, inhibitory effect on metastatic growth, a single injection of NKT/IL-15 cells completely abrogated the tumor-promoting effect of the human hematopoietic environment (P < 0.001 at weeks 4 and 5; Figure 7 , A and B). To determine whether the enhanced antitumor activity of NKT/IL-15 cells remains CD1d restricted, we repeated the treatment of NB metastases in hu-NSG mice with NKT/IL-15 cells after pretreatment with anti-CD1d blocking or isotype control mAb. Antitumor efficacy of NKT/IL-15 cells was inhibited by anti-CD1d mAb (P < 0.05; Figure 7C ), which indicates that the effect of IL-15 depends, at least in part, on the function of CD1d-restricted NKT cells. However, due to incomplete inhibition, a contribution of NKT-independent effects of IL-15, such as activation of NK cells, cannot be excluded. These data suggest that immunotherapy with NKT/IL-15 cells may be effective in patients with metastatic NB and other types of cancer. For the maximum therapeutic benefit, this form of immunotherapy targeting tumorsupportive stroma could be combined with other forms of immunotherapy or chemotherapy that target tumor cells directly.
Discussion
Our present study reveals what we believe to be a novel mechanism of tumor escape from immune control by NKT cells and provides mechanistic insight into the development of NKT cell-based cancer immunotherapy. Because NKT cell antitumor activity against CD1d -tumors depends on their documented ability to colocalize and interact with CD1d + TAMs (12) , elucidation of the mechanism by which NKT cells traffic toward TAMs and understanding of this process's effect on NKT cell function are critically important for the rational design of NKT cell-based immunotherapy. We show that, besides the previously described requirement for NB cell-derived CCL2 (8) , NKT cell migration to the tumor site depended on CCL20, which was produced by TAMs inside the tumor tissues. CCL20 expression was induced in monocytic cells upon contact with NB cells and it was at least partly dependent on mbTNF-α, which was expressed on the surface of NB cells. Moreover, NB cell-induced CCL20 expression in monocytic cells was greatly amplified by hypoxia, which is known to attract TAMs (13, 19, 20) . This suggests that the CCL20 gradient directs NKT cell trafficking toward hypoxic tumor tissues. Indeed, we found that more than 90% of tumor-infiltrating NKT cells were colocalized with macrophages in hypoxic areas of NB xenografts in hu-NSG mice. Hypoxia, in turn, inhibited the ability of NKT cells to respond to an antigenic stimulation, which explains how growing tumors can neutralize NKT cell function and rescue tumor-supportive TAMs from NKT cell attack. Importantly, we found that IL-15 protected antigen-activated NKT cells from hypoxia, and NKT/IL-15 cells had potent and long-lasting antitumor activity in a hu-NSG model of metastatic NB.
We found that TAMs in primary NB tumors produced CCL20, expression of which was selectively induced in monocytic cells upon direct contact with NB cells and enhanced by hypoxia. Our quest for the initiating inflammatory signal that triggers induction of CCL20 expression in monocytes upon their contact with tumor cells revealed expression of mbTNF-α on the cell surface in all tested NB cell lines regardless of their MYCN status and the existence of a mbTNF-α + NB cell subset, which we believe to be previously unknown, in primary tumors. We demonstrated that NB cells had potent proinflammatory properties, TNF-α-dependently activating the NF-κB signaling pathway in monocytic cells that resulted not only in CCL20 expression, but also in the activation of a defined gene expression program, which is known to be a hallmark of tumor-promoting chronic inflammation (45, 46) . For example, NF-κB activated gene expression of IL-6 -a known growth factor for non-MYCN-amplified NB cells -in monocytic cells, and the level of IL-6 mRNA expression negatively correlates with long-term disease-free survival in high-risk NB patients (12) . The tumor-promoting role of the TNF-α/NF-κB axis is well-described in epithelial tumors both in mouse models of cancer and in cancer patients (21, (46) (47) (48) . These are common tumors in adults that can often be etiologically or pathogenetically linked to preexisting chronic inflammatory conditions, such as hepatitis (45) or colitis (46) . In contrast, NB as well as other pediatric tumors arises during embryogenesis or early postnatal development in the absence of preexisting chronic inflammation (49) . The identification of a subset of NB cells in primary tumors that express mbTNF-α suggests that these cells may initiate tumor-supportive inflammation and could be targeted for therapy with TNF-α antagonists, which are currently being tested in clinical trials in adults with epithelial cancers and hematologic malignancies (50) (51) (52) . However, incomplete inhibition of CCL20 production in the coculture of monocytes with NB cells by anti-TNF-α mAb suggests that other as-yet unidentified tumor-derived signals may contribute to macrophage activation in NB.
We observed a differential requirement for CCL2 and CCL20 for NKT cell in vitro migration toward a coculture of NB cells with monocytes in normoxic and hypoxic conditions. Whereas CCL2 was required for NKT cell migration in normoxia, CCL20 was largely responsible for their migration in hypoxia. The observed downregulation of CCL2 expression in NB cells under hypoxia combined with CCL20 induction in hypoxic monocytes suggests a 2-step mode of NKT cell migration in the tumor tissues: CCR2-or CCR4-mediated exit from circulation toward CCL2-producing NB cells in the oxygenated areas around blood vessels, and then CCR6-mediated trafficking toward CCL20-producing TAMs in the hypoxic areas. The in vivo blocking experiments with anti-CCL20 neutralizing mAb further support the importance of CCL20 for NKT cell localization to the tumor site. Furthermore, visualization of hypoxic areas within tumor xenografts using intravital staining with EF5 revealed that the vast majority of adoptively transferred NKT cells colocalized with TAMs in the hypoxic areas of the tumor tissues. Therefore, NKT cells may colocalize with TAMs as a component of a novel innate response to tumor-induced hypoxia. Moreover, this mechanism could reflect an evolutionary conserved role of NKT cells in linking tissue hypoxia with inflammation. This concept is supported by several recent reports demonstrating that NKT cells play a key role in the inflammatory response in liver and kidney ischemia-reperfusion injury (36, 37) and in the genesis of the vaso-occlusive crisis in sickle cell disease (38) (39) (40) . Both in mice with experimental ischemia-reperfusion injury and in humans with sickle cell disease, NKT cells have increased IFN-γ production. However, to our knowledge, the direct effect of hypoxia on NKT cell IFN-γ expression had not previously been examined. We found that hypoxia did not have a direct stimulatory effect on human NKT cells, which suggests that increased IFN-γ production by NKT cells in patients with sickle cell disease could be due to a combined action of hypoxia and inflammatory mediators, in which hypoxia directs NKT cell localization to the site of inflammation rather than directly activating these cells. The ability of NKT cells to recognize and respond to hypoxia could be essential for their control of TAMs at the early stages of tumor progression, when TAMs play a major role in tumor vascularization and tumor cell survival (13) (14) (15) 53) . However, growing tumor may also use the same phenomenon for the immune escape by trapping NKT cells in the hypoxic tissues and disabling their function.
We found that NKT cell viability and function were affected by hypoxia and that antigen-dependent proliferation and cytokine production was protected by IL-2 or IL-15. The protective effect of these cytokines on proliferating rather than quiescent NKT cells was consistent with similar observations in T cells, which have previously been shown to switch to glycolysis upon antigenic stimulation and to require less oxygen (34, 35) . Studies in mice have demonstrated that NKT cell development, homeostatic maintenance, and survival largely depend on IL-15 (42, 43) . Our group previously reported that IL-15 also stimulates proliferation and enhances survival of human NKT cells (41) . Human CD4 -NKT cells, which are mostly CD8 -CD4 -double-negative (DN), express much higher levels of IL-2Rβ than do CD4 + cells, so that IL-15 preferentially expands DN NKT cells (41) . Importantly, DN NKT cells are more cytotoxic than are CD4 + NKT cells, and a recent report demonstrated that only DN NKT cells are required for antitumor responses in vivo (54) . This suggests that the expression of IL-15 in NKT cells for therapeutic purposes would support expansion, persistence, and antitumor activity of DN NKT cells in cancer patients. We indeed found that transduction of NKT cells with IL-15 cDNA protected them from the inhibitory effects of NB cells and hypoxia. Importantly, NKT/IL-15 cells demonstrated a potent therapeutic activity against NB metastases in hu-NSG mice, and this effect was at least in part CD1d dependent. Besides acting directly on NKT cells and enhancing their activity against TAMs, locally produced IL-15 is expected to activate other antitumor immune effector cells, such as NK and tumor-specific CD8 + T cells (55) . In contrast to IL-2, IL-15 does not fully activate Tregs (56) , which are known to have an inhibitory effect on NKT cells (57) and could counteract their antitumor activity. To ensure the safety of the potential clinical use of NKT/IL-15 cells, we incorporated a suicide gene, iCasp-9, which allows the elimination of transgeneic cells upon its pharmacologic activation with a nontoxic small molecular drug, AP20187 (58) (59) (60) . We previously demonstrated that T cells expressing the iCasp-9 molecule are efficiently eliminated upon pharmacologic activation of the suicide gene both in vitro and in vivo (59, 60) , not only in a mouse model, but also in lymphoma patients (61) . Therefore, NKT/IL-15 cell therapy under iCasp-9 control is expected to be safe and needs to be tested in patients with recurrent/resistant NB.
In summary, we have identified the mechanism by which NKT cells are attracted toward TAMs in tumor tissues. This mechanism could reflect a broader role of NKT cells in the regulation of inflammation and will need to be further investigated, not only in the context of tumor-associated inflammation, but also in chronic infectious and autoimmune diseases. The enabling NKT cell tumor localization and functional activity at the tumor site via pharmacological modulation or/and genetic engineering of NKT cells, as demonstrated herein, may lead to the development of effective and broadly applicable cancer immunotherapies.
Methods
Human specimens. 7 primary NB specimens were obtained from surgery of biopsy at diagnosis at Texas Childrens Cancer Center, Baylor College of Medicine. For FACS analysis, tissues were homogenized and digested with dispase II (Roche), collagenase (Sigma-Aldrich), and DNase I into single cell suspensions. The remaining tissues were embedded in OCT and maintained at -80°C. Cord blood was obtained from a cord blood bank at the MD Anderson Cancer Center.
Cell lines. CHLA-15, CHLA-255, CHLA-255/luc, LA-N-1, SK-N-BE(2), CHLA-90, and IMR32 NB cell lines were established and maintained as previously described (8, 25, 62) . 293T cells were purchased from ATCC and maintained in IMDM plus 10% FBS (Hyclone) and 2 mM GlutaMAX-I (Gibco-BRL, Invitrogen).
Plasmids and retrovirus production. 2 SFG retroviral vectors, SFG.iCasp-9.2A.ΔCD34.2A.IL-15 and SFG.eGFP.FFluc, were constructed as previously described (44) and used to transduce NKT cells. To produce retroviral supernatants, 293T cells were cotransfected with 3 plasmids (Peg-Pam-e encoding for gag-pol, DRF encoding for the RDF114 viral envelope, and the retroviral construct) using the Genejuice transfection reagent (Merck KGaA), and viral supernatants were collected 48 and 72 hours later.
RNA isolation and real-time RT-PCR. Total RNA from cell pellets was isolated using TRIzol (Invitrogen). The RNA quality was assessed with gel electrophoresis prior to reverse transcription into cDNA using M-MLV reverse transcriptase with oligo dT priming (Invitrogen). qRT-PCR was performed with iQ Sybr green supermix assay using the iCycler iQ multicolor real-time PCR detection system (Bio-Rad). Primers were ordered from Sigma (Supplemental Table 1 ). The relative change in gene expression was calculated based on the ΔCt method using housekeeping gene lysosomalassociated transmembrane protein 5 (LAPTM5) as the control.
NKT cell expansion, culture, and transduction. NKT cell lines were expanded from PBMCs of healthy volunteers as previously described (8), with modifications. Briefly, PBMCs were isolated from buffy coats by Ficoll-Hypaque gradient density centrifugation. NKT cells were purified by anti-iNKT microbeads (Miltenyi Biotec). The negative PBMC fraction was irradiated (150 Gy) and aliquoted. NKT cells were stimulated with an aliquot of autologous PBMCs pulsed with αGalCer (100 ng/ml; Funakoshi Co.). rhIL-2 (50 U/ml, BDP, NCI-Frederick) was added at the second day and then every other day. NKT cells were restimulated every 2 weeks with the remaining PBMC aliquots. The phenotype and purity of NKT cells were assessed using mAbs for CD3, Vα24-Jα18 (6B11), and CD4. Proliferating NKT cells were transduced with retroviral supernatants on day 5 after restimulation in non-culture-treated 24-well plates precoated with recombinant fibronectin fragment (FN CH-296; Retronectin, Takara Shuzo). The rate of NKT cell transduction was measured by FACS with anti-CD34-PE mAb. The transduced NKT cells then continued expansion in the presence of rhIL-2.
Expanded NKT cells (7 days after restimulation) were cultured under normoxic (20% O2) or hypoxic (1% O2 in a Hearcell 240i tri-gas incubator; Thermo Scientific) conditions for 24 or 48 hours in the absence or presence of one of the following cytokines: rhIL-2 (NIH), IL-15, IL-4, IL-7 (10 ng/ml each; Peprotech), or IL-21 (eBiosciences) at 200 U/ml each. The absolute number of viable cells was quantified using the trypan blue exclusion method.
Monocyte isolation and coculture experiments. PBMCs were isolated by gradient centrifugation from buffy coats purchased from Gulf Cost Regional Blood Center. Monocytes were isolated by negative selection using Monocyte Isolation kit II (Miltenyi Biotec) according to the manufacturer's instructions. In coculture experiments, monocytes were added directly to NB cells or to the inserts separated by 0.4 μm membrane (Costar Corning) from NB cells. Where indicated, NB cells were preincubated with antihuman TNF-α neutralizing antibody (clone 1825; R&D Systems) or isotype control IgG1 (clone 11711; R&D Systems) for 1 hour before coculture with monocytes. We then cultured cells under hypoxic (1% O2) or normoxic (20% O2) conditions and collected supernatants at the indicated time points.
Multiplex cytokine quantification assay and ELISA. Cytokines released by NKT cells were assessed by CBAPlex beads (BD Biosciences) on FACSArray analyzer according to the manufacture's manual and as previously described (8) . CCL20 level in the coculture supernatants was determined using human CCL20/MIP-3 alpha Quantikine ELISA Kit (R&D Systems).
In vitro migration assay. NKT cell in vitro migration was assessed using permeable Transwell inserts (5 μm; Corning Costar). Where indicated, supernatants from monocyte and NB cells in bottom chambers were preincubated with isotype control (clone 11711) or neutralizing antibody against CCL20 (clone 67310) or CCL2 (clone 24822) (R&D Systems) for 1 hour before adding NKT cells in the upper chambers. Quantitative analysis of NKT cell migration was performed by FACS, as previous described (25) .
Flow cytometry (FACS).
To analyze the expression of CCL20 in monocytes, cells were first incubated with GolgiStop (BD Biosciences) for 4 hours and then stained with the following surface markers: CD56-APC, CD14-APC.Cy7, CD33-PE.Cy7, and CD45-PerCP (BD Biosciences). Cells were then fixed and permebalized with a Perm/Fix Kit (BD Biosciences) and intracellularly stained with CCL20-PE (BD Biosciences). To determine the level of CCR6 expression on NKT cells, cells were surface stained with CD3-APC, 6B11-FITC, CD4-PE.Cy7, and CCR6-PE (BD Biosciences).
To monitor the development of human hematopoiesis in hu-NSG mice, the following set of antibodies was used: anti-human CD45-FITC, anti-mouse CD45-PerCP, CD14-PE, CD33-PE.Cy7, CD3-APC (BD Biosciences), and CD20-APC.Cy7 (Biolegend). The antibody set CD45-PerCP, CD3-APC, and CD34-PE (BD Biosciences) was used to assess purity of the human CD34 + stem cells. The antibodies CD45-PerCP, CD3-APC, 6B11-FITC, CD14-APC.Cy7, HLADR-PE.Cy7, and CD1d-PE (all BD Biosciences) were used to identify tumor-infiltrating leukocytes in human primary NB tumor and tumor xenografts from hu-NSG mice. Additionally, primary NBs were analyzed for NB surface marker expression using the antibodies CD45-PerCP, CD56-APC (BD Biosciences), and TNF-α-FITC (clone 6401; R&D Systems).
To determine NKT cell proliferation, cells were first labeled with CFSE (Invitrogen) and then restimulated by anti-TCR agonistic mAb (6B11 or OKT3) followed by a 5-day culture with or without NB cells under hypoxic or normoxic conditions. Cells were then surface stained with 6B11-PE and CD3-APC mAbs and analyzed by flow cytometry to determine CFSE dilution in CD3 + 6B11 + cells.
The expression levels of IκBα and phosphorylated NF-κB p65 were determined by FACS in monocytes according to the manufacturer's protocols (BD PhosFlow). Briefly, 1-2 × 10 6 ml -1 monocytes were cultured with or without CHLA-255 NB cell line (~70%-80% confluence) in the presence of neutralizing anti-TNF-α or suitable isotype control for the indicated times. After incubation, cells were fixed immediately by adding an equal volume of prewarmed to 37C BD PhosFlow Cytofix fixation buffer; plates were incubated for an additional 10 minutes at 37°C, and then the cells were harvested. For permeabilization, BD Phosflow Perm Buffer IV, precooled at -20°C, was added drop by drop to the cell pellet and incubated for an additional 15-20 minutes at room temperature. The tubes were stored at -20°C until stained with Alexa Fluor 488 phosphospecific anti-NF-κB p65 mAb (or PE-labeled IκBα) and PE-or APC-labeled anti-CD56 mAb to identify NBs and monocytes in coculture. Analysis was performed on a LSR-II 4-laser flow cytometer (BD Biosciences) using BD FACDiva software version 6.0 and FlowJo 7.2.5 (Tree Star Inc.).
4-color immunofluorescent microscopy. Mouse livers were removed and cut into workable sizes. The tissues were then frozen in OCT and kept at -80°C until use. 10-μm frozen sections were made using Cryostat (HM550; Thermo Scientific) and immediately fixed in 4% paraformaldehyde for 1 hour at room temperature. The fixed sections were treated twice with 0.1% sodium borohydrite for 5 minutes and then rinsed 3 times in PBS containing 0.013% sodium azide and 0.004% thimerosal. Slides were blocked with 5% normal mouse serum plus 1.5% BSA and 0.3% skim milk in ttPBS (PBS containing 0.3% Tween 20, 0.013% azide, and 0.004% thimerosal) for 1 hour at room temperature. After blocking, tissue sections were incubated with mouse anti-human CD11b (Mac-1) antibody (PN IM0190; Beckman Coulter) diluted at 1:400 in ttPBS supplemented with 1.5% BSA at 4°C overnight. The tissue sections were then washed twice with ttPBS and once with 1× PBS, 15 minutes each time. The fluorescent Alexa Fluor 647-conjugated goat anti-mouse secondary antibody (A31517, 1:800; Invitrogen) was incubated with the sections for 1 hour at room temperature and rinsed 3 times as described above. The slides were refixed in 4% paraformaldehyde for 25 minutes and blocked again for 1 hour at room temperature before proceeding to the next step. The above-stained slides were incubated with Cy3-conjugated anti-EF5 antibody (ELK-351; Hypoxia-Imaging, Department of Radiation Oncology, University of Pennsylvania) overnight at 4°C, followed by 2 rinses in ttPBS and 1 rinse in 1× PBS, 45 minutes each time. The slides were then counterstained with ProLong Gold antifade reagent (P36930; Invitrogen) and coverslipped. The 4-color fluorescent images of the stained sections were acquired on a Nikon A1-Rs inverted Laser Scanning (Confocal) Microscope. For the quantification of CFSE-labeled NKT cells and Alexa Fluor-labeled CD11b cells in either normoxic or hypoxic regions, all the images were captured using the same setting, i.e., at the same PMT HV for each channel. The images were analyzed by Annotation and Measurement feature of the NIS Elements AR3.2 software. In each imaged region, the expression of EF5 was quantified as the intensity of Cy3 (shown as red), and the absolute numbers of NKT cells (shown as green) and the CD11b + cells (shown as purple) were counted. The regions for which the mean intensity of Cy3 was lower than 200 were defined as normoxia, whereas those areas for which the mean intensity of Cy3 was at least 2-fold higher were defined as hypoxia. 10 images from either normoxic or hypoxic regions were compared.
In vivo experiments. NOD/SCID/IL-2Rγ-null (NSG) mice were bred in the Texas Children's Hospital animal facility. 4-week-old mice were irrradiated with 225 cGy and injected with human cord blood-derived CD34 + stem cells, as previously described (26, 27) , to generate hu-NSG mice. The frequency of CD34 + cells was >95%, and the contamination by CD3 + cells was <0.1% in the stem cell transplants. 3 months after SCT, reconstitution of human hematopoiesis was confirmed in peripheral blood by FACS, and mice were i.v. injected with human CHLA-255/luc cells, either under the renal capsule (localization experiments), as previously described (63), or i.v. (therapeutic experiments). Tumor growth was indirectly assessed by weekly bioluminescent imaging (Small Animal Imaging Core facility, Texas Children's Hospital). Where indicated, mice were injected i.p. with 100 μg/mouse of neutralizing anti-CCL2 (clone 24822), anti-CCL20 (clone 67310), both, or isotype control (clone 11711) mAb (R&D Systems). Some animals received i.v. injections of ex vivo-expanded human NKT cells (1-5 × 10 7 cells). Before injection into animals, NKT cells had been cultured with IL-2 (50 U/ml; Peprotech) for 7-10 days without TCR stimulation to achieve resting phase, when their trafficking pattern more closely resembled that of primary NKT cells, as we determined previously (8) . When indicated, mice received i.p. injection of anti-hCD1d blocking mAb, 42.1 or isotype control (50 μg/ml; BD Biosciences). Mice were euthanized, and cell suspensions prepared from tumors were analyzed by multicolor flow cytometry as described in Flow cytometry (FACS) . When indicated, NKT cell antitumor efficacy was determined by bioluminescent imaging. To determine NKT cell distribution in normoxic versus hypoxic tumor tissues, NKT cells were labeled with CellTrace CFSE cell proliferation kit according to the manufacturer's protocol (Invitrogen) before injection. For labeling hypoxic tissues, mice were i.v. injected with 250 μl EF5 (100 mM solution, produced at NCI at no cost and provided by C.J. Koch, University of Pennsylvania, Philadelphia, Pennsylvania, USA). After 3 hours, mice were euthanized, and parts of their tumors were excised and immediately embedded in OCT medium to be used for immunofluorescent staining of EF5, NKT, and TAMs.
Statistics. Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad). Comparisons between groups were based on 1-or 2-way ANOVA, depending on whether 1 (e.g., CCL20 concentration) or 2 (e.g., CCL20 concentration in normoxic and hypoxic conditions) independent variables were measured. We also used the Bonferroni post-test to compare selected experimental groups according to the experimental design. All statistical tests were 2-sided, and a P value less than 0.05 was considered statistically significant.
Study approval. Primary NBs specimens were used in accordance with Baylor College of Medicine IRB-approved protocols H-26691 and H-6650. Cord blood was used in accordance with MD Anderson Cancer Center IRBapproved protocol H-20911. Informed consent was obtained in accordance with institutional review board policies and procedures for research dealing with human specimens. Animal experiments were performed according to IACUC-approved protocols at Baylor College of Medicine.
